Lactoferrin is a multi-functional, iron-binding glycoprotein found in milk and other exocrine secretions. Lactoferrin in milk plays vital roles in the healthy development of newborn mammals and is also an innate resistance factor involved in the prevention of mammary gland infection by microorganisms. Inflammation of the udder due to bacterial infection is referred to as mastitis. There have been many investigations into the relationships between lactoferrin and mastitis, which fall into several categories. The main categories are fluctuations in the lactoferrin concentration of milk, lactoferrin activities against mastitis pathogens, elucidation of the processes underlying the onset of mastitis, participation of lactoferrin in the immune system, and utilization of lactoferrin in mastitis treatment and prevention. This review article describes lactoferrin research concerning bovine mastitis. In the 1970s, many researchers reported that the lactoferrin concentration fluctuates in milk from cows with mastitis. From the late 1980s, many studies clarified the infection-defense mechanism in the udder and the contribution of lactoferrin to the immune system. After 2000, the processes underlying the onset of mastitis were elucidated in vivo and in vitro, and lactoferrin was applied for the treatment and prevention of mastitis.
Lactoferrin is an iron-binding glycoprotein that belongs to the transferrin family of proteins.
The first biological function of lactoferrin reported was its bacteriostatic activity (Reiter and Oram, 1967) . Since then, many biological functions of lactoferrin have been found, and it is now recognized as a multifunctional protein. A fundamental role of lactoferrin in exocrine secretions is to behave as an innate defense factor, and lactoferrin secreted in milk plays vital roles for both mother and neonate. Lactoferrin in milk promotes the healthy growth of newborn babies and calves by assisting in the formation of enterobacteria flora and the activation of mucosal immunity and systemic immunity (Baldi et al., 2005; Prgomet et al., 2007; Sherman, 2010) . Lactoferrin also helps to prevent infections of the mother's mammary glands, mainly during non-lactating periods (Smith and Schanbacher, 1977) . Bacterial invasion into the udder induces inflammation of mammary tissues, which is known as mastitis (Schalm et al., 1971; Bradley, 2002; De Vliegher et al., 2012) . Clinical mastitis presents physiological abnormalities in the udder such as swelling, heat, redness, hardness, or pain. Bacterial infection without any visible signs or clinical appearance is called subclinical mastitis.
Mastitis of dairy cows decreases milk productivity both quantitatively and qualitatively, resulting in huge economic losses. Eradication of mastitis in dairy cows is a long-standing goal that has not yet been achieved. Mastitis cows are commonly treated with antibiotics;
however, antibiotic-contaminated milk causes serious problems when the milk is shipped for processing. Antibiotic-contaminated milk inhibits the growth of lactic acid bacteria, which are necessary for the production of cheese, yogurt, and other fermented milk products. Moreover, antibiotics in milk affect human intestinal bacterial flora and may also promote the emergence of antibiotic resistant bacteria . Therefore, many studies on the role of lactoferrin in mastitis have been performed, including trials for the prevention and treatment of mastitis. Due to serious concerns about drug resistance in microorganisms, the World Health Organization recently began its "Global action plan on antimicrobial resistance" (World Health Organization, 2015) , underscoring the need to reduce the overuse of antibiotics. The present review article focuses on the defensive function of bovine lactoferrin against bovine mastitis.
Outline of research progress
The early reports about the relationship between lactoferrin and mastitis appeared in the 1970s. In these early studies, it was reported that the lactoferrin concentration in milk changes at each stage of lactation. In the colostrum, lactoferrin concentration is very high and gradually decreases. During the non-lactating period, which is known as the dry period, involution of mammary tissue has occurred and highly concentrated lactoferrin is detected in the mammary gland and teat cistern. An increase of lactoferrin concentration in mastitis milk was also reported. In the 1980s to 1990s, many studies clarified the defense mechanisms D r a f t against udder infection, including the action of the complement system in infected mammary tissues, the mechanism of the outbreak of inflammation, the behavior of immune cells, the effects of lactoferrin on the immune system, the control of the production of several cytokines, the inactivation of bacterial endotoxin and lipopolysaccharides (LPS). After 2000, the processes underlying the onset of mastitis were elucidated in vitro and in vivo. Areas of study have included the increase of infection during the perinatal period, the fluctuation of quantitative patterns of lymphocytes and cytokines in milk, and the dynamic behavior of lactoferrin after intramammary administration. Reports on the use of lactoferrin for the treatment of mastitis have been published, such as those studying the combined use of lactoferrin and antibiotics against bacterial infection. The infusion of lactoferrin or its hydrolysate into the mammary gland through the teat canal has also been attempted, and has yielded good results and is getting closer to practical use.
Fluctuations in lactoferrin concentrations of milk
Fluctuations in lactoferrin concentrations in milk during lactation were observed as far back as the 1970s. Under normal conditions, the lactoferrin concentration of colostral milk is up to about 2 mg/ml and decreases gradually to baseline levels during lactation period (0.02 to 0.5 mg/ml) (Harmon et al., 1975 (Harmon et al., , 1976 Smith and Schanbacher, 1977; Suzuki et al., 1977; Gaunt et al., 1980) . Almost all concentration measurements of lactoferrin have been performed with milk defatted or skimmed milk from dairy cattle using immunological methods such as electroimmunodiffusion, single radial immunodiffusion (SRID) or enzyme-linked immunosorbent assay (ELISA). Interestingly, lactoferrin concentrations in colostrums of Japanese beef cattle are lower than those of Holstein-Friesian or Jersey cattle (Tsuji et al., 1990; Ishikawa et al., 1992) .
During the lactating period, milk flow rinses bacteria that have entered the mammary cistern and teat cistern, but no rinse effect can be expected during non-lactating periods. At these stages, the frontline defense against bacterial invasion is the formation of a keratin plug at the teat canal (Comalli et al., 1984) . The second-line of defense is a system containing phagocytic cells and antibacterial materials that inactivate invading bacteria. Such antibacterial proteins and peptides are secreted in milk, and they function effectively and cooperatively with lactoferrin as described in the next section. From the early stages of studies, it was noticed that lactoferrin concentration increased in mastitis milk (Harmon et al., 1975 (Harmon et al., , 1976 . In acute mastitis milk, the lactoferrin content is more than that of pre-acute mastitis milk (Kawai et al., 1999) . It is generally known that lactoferrin in milk is secreted from mammary epithelial cells (Hurley and Rejman, 1993; Huang et al., 2012) . Moreover, the increase of lactoferrin concentration in mastitis milk is evidenced by increases in its mRNA expression in mammary tissues with experimentally induced mastitis (Schmitz et al., 2004) and also by proteomic analysis (Boehmer et al., 2010) . Polymorphonuclear leukocytes (PMN) contain lactoferrin and other antibiotic proteins but no D r a f t lactoferrin was detectable in bovine eosinophils, lymphocytes or monocytes (Levy, 1996) . As PMNs infiltrate into mammary gland tissue during inflammation, the contribution of PMNs for lactoferrin in whey was estimated with endotoxin infused cows (Harmon and Newbould, 1980) . From their experiments, it was suggested that PMNs were not the major source of lactoferrin in milk during mastitis because on average of 4.9% of the peak lactoferrin levels in whey could have come from the PMNs.
Antimicrobial activities of lactoferrin against mastitis pathogens
It is well known that lactoferrin shows not only bacteriostatic activity but also bactericidal and antifungal activities (Orsi, 2004; Jenssen and Hancock, 2009; Yen et al., 2011) . The bacteriostatic activity is due to iron ion chelation by apo-lactoferrin (Reiter and Oram, 1967; Arnold et al., 1980) , but lactoferrin shows several ways to suppress bacterial growth. For example, strong binding ability with LPS (Ellison et al., 1988) , occluding porins on the surface of bacteria (Sallmann et al., 1999) , inhibition of bacterial biofilm formation (Singh et al., 2002; , and cooperation with lysozyme (Suzuki et al., 1989; Ellison and Giehl, 1991) or with immunoglobulin A (IgA) (Watanabe et al., 1984) .
Antibacterial activities of lactoferrin against mastitis pathogens have been reported since the late 1970s. The main mastitis-causing microorganisms are listed in Table 1 . The more important pathogens include coagulase-negative staphylococci (CNS), Staphylococcus aureus, Streptococcus, coliform bacteria, and others (De Vliegher et al., 2012) and shown in Table 1 .
It has been observed that bacteria isolated from mastitis milk show different sensitivity or resistance against lactoferrin and lactoferrin hydrolysates produced by pepsin and lactoperoxidase as shown in Table 2 . Milk contains not only lactoferrin but other antibacterial substances such as lactoperoxidase, immunoglobulins, lysozyme, β-defensin, etc. (Thompson-Crispi et al., 2014 ) that inactivate bacteria, prevent bacterial adherence to mammary tissue surfaces, and neutralize toxins. Antibodies (also referred to as immunoglobulins) are transferred from blood and secreted into the milk by the mammary glands. Lactoperoxidase produces a bactericidal substance, hypothiocyanite ion (OSCN -) (Aune and Thomas, 1977) , and lysozyme is a bacteriolysis enzyme. β-Defesin is a cationic peptide that induces membrane depolarization and cell lysis (Ganz, 2003; Meade et al., 2014) , and it has been reported that its mRNA is induced in mammary tissue by mastitis (Swanson et al., 2004) . These findings indicate the formation of an effective defense system by different anti-infective milk proteins and peptides with different mechanisms.
5. Participation of lactoferrin in the innate defense system in the mammary gland
The anti-infective function of lactoferrin is caused by its direct behavior against microorganisms as described above and also by its immunomodulatory activities (Targowski, 1983; Hanson, 2007; Griesbeck-Zilch et al., 2009; Legrand, 2012) . There have been observed certain physiological changes at the inflammation sites of infected mammary tissue (Schalm D r a f t et al., 1971; Harmon, 1994; De Vliegher et al., 2012) : for example, changes in blood vessel permeability, permeation of blood proteins (serum albumin, immunoglobulin, etc.) into milk, migration of phagocytes and white blood cells (leukocytes), and decreases in the synthesis of milk components (caseins, lactose, and milk fats). The number of cells, mainly leukocytes in milk, is called the somatic cell count (SCC) and is used as an indicator of mammary abnormality (Harmon, 1994) . SCC and lactoferrin concentrations in milk are markedly decreased after antibiotic treatment of clinical mastitis (Kawai et al., 2014) , but the relationship between them has not been completely resolved. Many studies of immune responses in mammary glands with mastitis have also been performed (McDougall et al., 2009; Kushibiki, 2011; De Vliegher et al., 2012; Chaneton et al., 2013) , but they are too complex to summarize in this short review.
Cytokines concerned with inflammatory responses include tumor necrosis factor-α (TNF-α) and interleukins (IL) such as IL-1, IL-2, and IL-6 (Cray et al., 2009) . Lactoferrin inhibition of their production from monocytes and PMN has been reported (Crouch et al., 1992; Machnicki et al., 1993; Mattsby-Baltzer et al., 1996; Kushibiki, 2011) . On the other hands, it is reported that bovine and human lactoferrin and lactoferricin stimulated IL-8 release from human PMN (Shinoda et al., 1996) . Observations in vitro show that lactoferrin does not inhibit the biological activities of TNF-α, IL-1, IL-2, or IL-6, but instead inhibits the activation of leukocytes and prevents the production of cytokines from leukocytes at inflamed tissues (Mattsby-Baltzer et al., 1996; Conneely, 2001) . When the inhibitory activities of bovine lactoferrin, human lactoferrin, and lactoferricin B on LPS-induced IL-6 released from monocytes (THP-1) were compared, suppressive effects on cytokine release were observed with bovine lactoferrin and lactoferricin B (Mattsby-Baltzer et al., 1996) . Other lactoferrin effects on immune defenses have been reported such as the activation of the complement system through an alternative pathway, the increase of phagocytic cells in milk, and the promotion of phagocytosis (Kai et al., 2002a (Kai et al., , 2002b .
It is well known that LPS induces inflammation at tissues invaded by bacteria. After bacterial LPS binds to Toll-like receptor 4 (TLR4) of host cells, the production of inflammatory cytokines through certain signaling pathways occurs. However, there have been many reports on lactoferrin inhibitory effects of inflammatory responses to mastitis (Machnicki et al., 1993; Mattsby-Baltzer et al., 1996; Conneely, 2001; Kushibiki et al., 2008 Kushibiki et al., , 2009 ). It has been suggested that such activities may be due to the ability of lactoferrin to inhibit the binding of LPS to CD14 receptors on macrophages (Conneely, 2001) . Moreover, it is known that the lactoferrin-LPS complex shows opposing effects: immune suppression (e.g. competition with lactoferrin binding protein and CD14) and immune activation (e.g. induction of TLR4 signaling by lactoferrin or the lactoferrin-LPS complex) (Puddu et al., 2010; Latorre et al., 2012) . In general, it is considered that lactoferrin neutralizes the effects of LPS because of its strong LPS-binding ability (Kutila et al., 2004; Kushibiki et al., 2008; Drago-Serrano et al., 2012) . It is interesting that lactoferrin orally administered to calves reduces metabolic and D r a f t hormonal disturbances during LPS-induced inflammation (Kushibiki et al., 2008 (Kushibiki et al., , 2009 ). On the other hand, in vitro experiments using E. coli have shown that LPS does not affect the antibacterial activity of lactoferrin, while lactoferricin B loses its activity in the presence of high concentrations of LPS (Murata et al., 2009 ).
Mastitis treatment with lactoferrin
With the processes underlying the onset of mastitis having been elucidated in vitro and in vivo, applications of lactoferrin for the treatment and prevention of bovine mastitis have appeared. The report on the disposition kinetics of lactoferrin after intramammary administration showed that the mean elimination half-life was 2.2 hours with a maximum mean concentration being reached between 1 and 4 hours (Kutila et al., 2002) . Comparative studies of lactoferrin injection into mammary glands with experimentally induced mastitis showed that the number of bacteria, SCC, and daily milk yield did not differ significantly, but LPS concentrations in milk compared with bacterial count were significantly lower in lactoferrin-treated cows than in the antibiotics treatment group (Kutila et al., 2004) . The experimental conditions and the results of lactoferrin intramammary administration are shown in Table 3 .
Some researchers considered that intact lactoferrin alone lacks sufficient antibacterial activity, and other approaches to increase the impact of its effects have been performed. One is the use of a combination of lactoferrin and antibiotics. There are several studies combining the use of lactoferrin and antibiotics to treat mastitis, such as for chronic mastitis caused by β-lactam resistant S. aureus (Petitclerc et al., 2007) . Combination therapy enhances the bacteriological cure rates (Lacasse et al., 2008) . It is assumed that lactoferrin binds to the bacterial membrane through LPS, making it easier for the antibiotics to enter and destroy bacterial cells. It has also been observed that lactoferrin in combination with penicillin G enhances S. aureus susceptibility to phagocytosis (Diarra et al., 2003) . In addition, decreases of RNA expression of TNF-α with lactoferrin-antibiotic combination treatment have been reported (Komine et al., 2006) . Moreover, it has been reported that lactoferrin reduces the β-lactamase activity of S. aureus due to repression of transcription of the enzyme (Lacasse et al., 2008) . Examples of the use of lactoferrin-antibiotic combinations are shown in Table 4 . Another treatment of mastitis utilizes injection of lactoferrin hydrolysates into the quarters of cows (the udder comprises four independent glands known as quarters) with subclinical mastitis (Kawai et al., 2003) . Lactoferrin hydrolysates were prepared by pepsin digestion and contain every fragment, including certain functional peptides such as lactoferricin B, a strong antibactericidal peptide. This attempt has shown good therapeutic results such as the decrease of bacterial count in the milk from infected quarters and the number of quarters with bacteria was significantly decreased (Table 3) .
Mastitis prevention with lactoferrin

D r a f t
A high infection ratio has been observed when lactoferrin content is low in the milk of non-lactating cows (Farke et al., 2008) . Therefore, the selection and breeding of cows with lactoferrin-rich milk has been attempted (Arnould et al., 2009 ). Another approach is the production of pathogen-resistant cows by selection or by genetic engineering Donovan et al., 2005; Huang et al., 2015) ). Such ideas have come from comparative studies of mastitis resistance and lactoferrin gene polymorphisms or single nucleotide polymorphisms (SNPs). Vaccination using killed or inactivated pathogens is another possibility for mastitis prevention, but vaccination only reduces the severity of the clinical symptoms and does not prevent new infections (Bradley, 2002; McDougall et al., 2009; Morimoto et al., 2011) . Thus, it must be concluded that the breeding of resistant cows and vaccination trials are not yet practical.
The importance of the non-lactating period in the epidemiology of intramammary infection has been recognized, namely in that new infection ratios are observed to be the highest just before and after drying off (cessation of milking to allow the dairy cow to stop lactating) (Bradley and Green, 2004) . This phenomenon may be due to deficiencies of the mammary gland defense system. During non-lactating periods, the teat canal is blocked off by a keratin plug (Krömker and Friedrich, 2009) , and antimicrobial substances including lactoferrin are present in mammary glands. However, this defense system is insufficient at the beginning of drying and winds down at the end of the non-lactating period. Accordingly, lactoferrin intramammary injection during non-lactating periods has been performed and has shown profound protective effects against bacterial infection (Itagaki and Tanaka, 2015) as in Table   3 .
Conclusion and prospects
Bovine mastitis is a long-standing problem that has not yet been solved. Antibiotic treatment is the main therapeutic approach to mastitis. However, the high risk of milk contaminated with antibiotics causes many problems, and new treatment and preventative approaches are strongly desired. Developments such as vaccines against mastitis pathogens and the breeding of mastitis-resistant cows are still in the early phase of development and
have not yet succeeded. As a matter of course, hygiene management is essential to prevent clinical and subclinical mastitis. Because consumers desire milk to be absolutely safe, newer and safer antibacterial preparations are greatly needed. Concomitant use of lactoferrin and antibiotics may be advantageous for curing mastitis by decreasing the amount of antibiotics.
The use of lactoferrin against mastitis currently makes a great deal of sense because it is a natural anti-infective milk protein. The use of bovine lactoferrin for cattle health is natural and very effective as both a preventative agent of mastitis and a therapeutic agent after infection when used together with appropriate methods recommended by the regional instruction organization such as the National Mastitis Council (Middleton et al., 2014 Granulocyte, T-cell and B-cell increased in lactoferrin group but they decreased in control.
The appearance of abnormal udder conditions (tested by clinical signs and CMT score***) after parturition decreased in lactoferrin infused group.
Itagaki and Tanaka, 2015
* Cow has four udders and quarter means an udder. ** NAGase, N-acetyl-β-glucosaminidase, used as an indicator of inflammation (Pyörälä, 2003) .
*** CMT score, California Mastitis Test score, a indicator of inflammation and milk conditions (Pyörälä, 2003) .. 
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